Abstract In this work, we report the synthesis of composite system pNAC, composed of silver nanoparticles embedded in pure thermo-sensitive crosslinked polymer network of poly(N-isopropylacrylamide-co-acrylamide) (pNA), using as a catalyst for the reduction of methylene blue (MB) dye by sodium borohydride (NaBH 4 ). The pNA was prepared by conventional free radical polymerization technique using sodium dodecyl sulfate as stabilizing agent, followed by in situ reduction of AgNO 3 inside the polymer network by NaBH 4 for the synthesis of composite systems pNACs. The synthesized pNA and pNACs were characterized by FTIR, dynamic light scattering, thermogravimetric analysis, scanning electron microscopy and UV-visible spectroscopy techniques. The materials were found sensitive toward temperature change of the medium. The entrapment ability of pNA toward different amounts of AgNO 3 solution was studied, and effect of metal content on particle size of pNACs was analyzed. The pNACs were applied as a catalyst for the reduction of MB in which they exhibit high catalytic activity and reusability toward the reaction.
Introduction
The discharge of both organic and inorganic pollutants in water bodies is the major cause of water pollution. The organic pollutants are mostly colored dyes widely used in textile, pharmaceutical, cosmetics, food and leather industries owing to their easy availability and low price [1] . But without proper treatment, these dyes contaminate water and cause very hazardous effects on aquatic life; that is., the microbial activity of aquatic organisms disturbs, which further reduces the transparency of water and mitigates photosynthesis, which results in the death of aquatic animals. For example, methylene blue (MB) is a heterocyclic aromatic cationic dye which in high concentration produces harmful effects in human beings, like tissue necrosis, vomiting, shock, mental confusion, anemia [2] , when come in contact with their bodies. Therefore, the removal of MB dye from industrial effluents before discharge in water bodies is of prime importance, but due to their high stability and solubility in water the removal of this dye is very difficult and a challenging task for researchers working in environmental field. Furthermore, the colored form of MB cannot be biodegraded more easily as compared to its reduced colorless form. Several methods have been designed for the removal of MB and other organic pollutants from waste water such as adsorption desorption strategy [3] [4] [5] [6] , c-irradiation [7] , ozonation [8] [9] [10] , photocatalysis [11] [12] [13] , ion exchange [14] , membrane separation [2] , reverse or forward osmosis [15] , electrochemical methods [16, 17] , biochemical materials [18] [19] [20] , but all these methods are either very expensive or cannot remove the pollutants completely. Chemical reduction method used to convert these dyes from toxic state to nontoxic or less toxic form is very easy and environmentally friendly, but the reduction of these dyes without catalyst takes much time. Therefore, a composite system composed of metal nanoparticles embedded in responsive polymer network have been designed and used as catalyst for reduction process. The entrapped metal nanoparticles act as catalyst while the polymer network used as stabilizing or sheltering agent for these particles in a controlled manner [21] . The beauty of these materials is its smart behavior; that is, we can tune the properties of metal nanoparticles by changing the properties of polymer network with external stimuli before or during the process of reduction, e.g., temperature [22] [23] [24] , pH [25] [26] [27] , ionic strength [28, 29] . In current years, many investigators have a great interest in the field of stimulus-responsive composite systems composed of continuous organic and dispersed inorganic phase [30] for different applications, e.g., drug delivery [31] [32] [33] , sensors [34, 35] , electrical [36] , catalysis [37] [38] [39] .
In this study, we have prepared composite systems of thermo-responsive polymer network of poly(N-isopropylacrylamide-co-acrylamide) embedded with different amounts of silver nanoparticles. The effect of Ag nanoparticles loading on particle size, thermo-sensitivity, catalytic performance and reusability toward the reduction of methylene blue (MB) was investigated. The thermoresponsive polymer network showed different capability toward absorption of metal ions from salt solution when present in different amounts.
Experimental part
Materials N-isopropylacrylamide (NIPAM, purity 99%), acrylamide (AAm, purity 99%) and N,N-methylene bisacrylamide (BIS, purity 99%) were purchased from Sigma-Aldrich and further purified by recrystallization before use. The initiator ammonium peroxodisulphate, the surfactant sodium dodecyl sulfate (SDS), nanoparticles source silver nitrate, reducing agent sodium borohydride and methylene blue (MB) dye were purchased from Scharlau and were used as received. Double distilled water (DDW) was used throughout the experimental process.
Synthesis of pNA
NIPAM (9 mmol, 1.02 g), AAm (0.05 mmol, 0.036 g), BIS (0.5 mmol, 0.08 g) and SDS (0.02 g) were dissolved in 95 mL of deionized water in a three-neck flask equipped with a condenser, thermometer and nitrogen inlet to degas the reaction site. The flask was put in oil bath, and temperature was raised to 70°C, after that the mixture was injected with APS (0.06 g/5 mL) solution to start free radical emulsion polymerization. The reaction was lift for 8 h to complete the polymerization process. After completion, the samples were purified, lyophilized and stored for further use. The synthesized pure poly(N-isopropylacrylamide-co-acrylamide) polymer network was coded as pNA.
Synthesis of pNACs
12 mg of pNA was dissolved in 40 mL of DDW in roundbottom flask fitted with nitrogen inlet to evacuate air and stirred until a homogenous mixture formed. The solution was further split into two equal parts, one half of the mixture was charged with 5 mL AgNO 3 (0.1 mmol, 0.017 g/L) and second half with 7 mL AgNO 3 (0.1 mmol, 0.017 g/L) solutions, diluted up to 30 mL and stirred for 3 h. 5 mL NaBH 4 (2.64 mmol, 0.1 g/5 mL) solution was added dropwise to the reaction mixture for reduction of metal ions. The milky color of the solution was abruptly turned into yellowish green. After 4 h, the samples were collected, lyophilized and stored for further use. Same procedure was followed for 8 mL AgNO 3 solution with the same concentration. The resulted composite systems synthesized with 5 and 8 mL AgNO 3 solutions were coded as pNAC5 and pNAC8, respectively.
Catalytic activity and reusability of pNACs
The catalytic activity of pNACs composite systems was checked for the reduction of methylene blue (MB) dye with NaBH 4 in aqueous medium as a model reaction. For typical experiment 2 mL of MB solution (0.1 mM) and 0.5 mL of NaBH 4 solution (30 mM) were added into a Quartz cell with path length of 1 cm and incubated for a while, and 0.1 mL of pNAC solution with catalyst amount (pNAC5, 5.9 9 10 -3 mg of Ag and pNAC7, 8.4 9 10 -3 mg of Ag) was introduced into cell. The UV-visible spectroscopy was used to monitor the progress of reaction. The pNACs were regenerated by ultracentrifugation after the completion of reaction and reused again in the same experimental conditions for five consecutive cycles.
Characterization techniques
FTIR spectra were performed on a NEXUX-470 spectrometer. The average hydrodynamic diameter of both pure (pNA) and composite (pNACs) was measured on a Malvern Autosizer 4700 instrument. Scanning electron microscope (SEM, JEOL-JSM 7500F, Japan) with electron acceleration voltage 20 kV was used for determination of size and surface morphology of the synthesized materials. The ultraviolet visible absorption spectra for pNACs and catalytic reduction of methylene blue (MB) were taken on a PerkinElmer Lambda 750 UV/Vis/NIR spectrometer.
Results and discussion
Characterization of pNA and pNACs Temperature-sensitive pNA was synthesized with free radical emulsion polymerization. The composites pNACs were synthesized by in situ reduction of AgNO 3 solution by NaBH 4 . The FTIR spectra shown in Fig. 1 revealed all the possible functional group peaks and confirmed the formation of pNA and the existing of Ag nanoparticles in pNACs. The major peaks obtained in the FTIR spectrum of pNA are 3296, 2972, 1652, 1259, 986 and 691 cm -1 . The broad peak at 3296 cm -1 is assigned to the stretching mode of -NH functional group in the gel. The peak at 2972 cm -1 is attributed to asymmetric stretching vibration of -CH 2 -group, the peak at 1652 cm -1 is due to carbonyl group of amide functionality, while the peaks at 1259, 986 and 691 cm -1 are the characteristic peaks for -CO (str.), -CN (str.) and -NH bending, respectively. The same FTIR spectra were obtained for pNACs with slight shifting in the peak positions, which indicates the interaction of entrapped metal nanoparticles in polymer composites; for example, the peak at 1652 was shifted to 1640 cm -1 and the absorption frequency at 1259, 986 and 691 cm -1 was shifted to 1237, 1010 and 727 cm -1 , respectively. The FTIR analysis suggests that carbonyl and amines functionality have a greater tendency to retain metal nanoparticles inside the composites.
The entrapped metal content was further studied by thermo-gravimetric analysis (TGA), and results are explored in Fig. 2 . The thermogram of pNA shows about 95.4% weight loss at 736°C, which is reduced to 54.7 and 46.7% for pNAC5 and pNAC7, respectively, indicating that pNAC7 accommodates more metal content (48.7%) as compared to pNAC5 which entrapped 40.8% metal content. This increase in metal content is due to the availability of metal salt in high amount to pNA.
Size dependence of pNA and pNACs on temperature
The mean hydrodynamic diameter of pure pNA and composite pNACs was investigated using dynamic light scattering (DLS). The materials show responsive behavior toward change in temperature of the corresponding medium due to the presence of thermo-sensitive segment PNIPAm in its structure. Temperature-induced volume phase transition (VPT) of the materials was measured at a scattering angle of 90°, in terms of hydrodynamic diameter (D h ). Both pure (without metal particles) and hybrid (metal-loaded) synthesized materials show clear three steps shifting in their size with application of temperature as shown in Fig. 3 . At low temperature (below 31°C), D h of the particles is high because of the strong hydrophilic interactions which lead to the penetration of water molecules inside the polymer network and result in the swelling of the particles to a maximum value (swollen state). The increase in temperature shifted gradually the D h of the particles to smaller value (shrunken state) because of the shrinkage of PNIPAm chains, which produced a remarkable VPT. The size reduction with temperature increase is because of the increase in random thermal motion of water molecules which diminish the hydrophilic forces and expel water molecules from polymer network. Figure 3a shows that D h of pNAC5 and pNAC7 (in both swollen and collapsed states) is less than pNA, because metal nanoparticles act as physical cross-linking or complexing agents for NIPAM and AAm and therefore decrease the particle size and degree of collapsing. The materials show a complete reversible swelling and de-swelling transition behavior from one state to another. The temperature-induced VPT enable us to change the surface environment of the entrapped metal nanoparticles, which can be employed for tuning optical and catalytic applications. The size of pNA was also confirmed by scanning electron microscopy (SEM), and the image is given in Fig. 3b . The size of pNA calculated by SEM is *95 nm which is lesser than the size obtained from dynamic light scattering (DLS), because the DLS considers the samples in solution form, whereas SEM calculated size of the particles in dry state.
Temperature-responsive UV-visible absorption property of pNACs
The UV-visible spectra of pNACs were obtained at a temperature range of 20-50°C in aqueous solution, as shown in Fig. 4 . The spectra indicate a main dipole absorption peak at 395-408 nm (indicates the presence of Ag nanoparticles), which arises because of the positive and negative charge shifting to one end and the other end, respectively, on the particle surface, giving the particle itself a dipole moment that reverses the sign at same frequency as the incident light [40] . Surface polarization and change in local refractive index around the metal nanoparticles are responsible to determine the intensity and position of absorption peak for the given metals. In our synthesized composite materials, the refractive index of water and medium surrounding the Ag nanoparticles is same at below volume phase transition temperature (VPTT), which changes with the variation in temperature of the medium and causes a shift in absorption peak of Ag nanoparticles. Figure 4a , b shows the temperature-responsive UV-visible spectra for pNACs, when temperature of the medium changes from 20 to 50°C, a redshift, and an increase in absorption intensity was observed. This variation is due to the transition of polymer network from swollen state (at 20°C) to collapsed state (at 50°C), which causes a change in local refractive index around the Ag nanoparticles to that of the solvent refractive index and produces a redshift. An increase in absorption intensity can also be attributed to increase in concentration to volume ratio of Ag nanoparticles, because of the shrinking of polymer network with temperature. The absorption peaks for pNAC5 and pNAC7 were appeared at 395 and 400 nm, respectively, at 20°C, which were shifted to 403 and 406 nm at 50°C, respectively, as shown in the insets of Fig. 4 . The increase wavelength of pNAC7 compared to pNAC5 is due to their large encapsulation capacity of Ag nanoparticles in pNA [41] , as discussed earlier in TGA results.
Catalytic performance and reusability of pNACs
The catalytic behavior of synthesized pNACs was elaborated for reduction of methylene blue (MB) by NaBH 4 in aqueous solution at room temperature. The reduction reaction occurs on the surface of Ag nanoparticles as shown schematically in Fig. 5 based on classical Langmuir-Hinshelwood model [21] . Initially, borohydride ions adsorbed on the Ag nanoparticles surface and leave hydrogen on its surface, followed by adsorption of MB; both the reactions are reversible in nature. The reduction reaction takes place and colored MB converted into colorless one, which desorbed from the surface of Ag nanoparticles and regenerated the naked surface for further reactants. MB gives a strong absorption peak (k max ) at 663 nm due to chromophore in its structure; the addition of NaBH 4 alone produced no change in its color and absorption intensity for a long time. With the addition of small amount of pNACs, the blue color of the reaction mixture disappeared completely, which indicated the successful reduction of MB dye. The progress of reaction was controlled by UV-visible spectroscopy. As given in Fig. 6 , the maximum absorption peak at 663 nm reduces gradually and a new peak at *250 nm appears representing the reduction of azo group. A linear trend was obtained (shown in Fig. 7 ) by plotting ln(C t /C o ) against time, where C t is the concentration of MB at any time ''t'' and C o is its initial concentration. This indicates that the reaction follows pseudo-first-order kinetics with respect to MB, as the concentration of NaBH 4 is very high. The apparent rate constant (k app ) was calculated from the slope of the linear curve. The k app values were 0.4861 and 0.7959 min -1 for pNAC5 and pNAC7, respectively, as shown in Fig. 7 . The k app value for pNAC7 is greater than that of the pNAC5, because of the greater encapsulation capability of metal content by pNAC7 compared to pNAC5, and acting as an effective catalyst for the reduction of MB dye. The catalysts were separated by centrifugation (8000 rpm, 5 min) and reused for the same catalytic reduction reaction. The catalytic performance of pNACs was found by calculating k app values for five consecutive cycles and was found almost same shown in Fig. 8 , which indicates clearly that pNACs show enhanced catalytic activity and reusability in the reduction of MB.
Conclusion
In summary, pNACs composite systems with thermo-responsive pNA template embedded with Ag nanoparticles were prepared successfully by in situ chemical reduction of AgNO 3 by NaBH 4 . The amount of Ag nanoparticles was controlled by using different amounts of AgNO 3 solution. The thermo-responsive behavior of pNA and pNACs was checked by DLS and UV-visible spectroscopy, respectively. The synthesized composite materials were checked for their catalytic performance in the reduction of MB by NaBH 4 . Considering their catalytic activity and reusability, it was found that pNACs have potential application in catalysis and can be used in other reduction processes.
